In salivary gland pleomorphic adenoma, expression of extracellular matrix (ECM) substances indicates that tumor epithelial cells are becoming chondrogenic and will produce cartilage-like mesenchymal tissues. Sox9, the master transcription factor of chondrogenesis, is expressed in mouse salivary gland cells. To clarify the mechanism behind chondrogenesis in tumor epithelial cells, we examined the expression of transcription factors related to chondrogenesis in tumors and salivary glands. Reverse transcriptase-polymerase chain reaction (RT-PCR), quantitative real-time RT-PCR, and immunostaining were performed on pleomorphic adenoma tissues, salivary gland tissues, and human submandibular gland (HSG) cells. The mRNAs of essential transcription factors for chondrogenesis-Sox9, Sox6, and Sox5-were detected in both tumor and salivary gland tissues. The mRNAs of aggrecan and type II collagen-cartilage-specific ECM substances-were detected only in tumors. Sox9 and Sox6 proteins were colocalized in many epithelial cells in tumors and salivary glands. Tumor epithelial cells also possessed aggrecan protein and occasionally type II collagen protein. Moreover, mRNAs for transcription repressors of chondrogenesis δEF1 and AP-2α were detected in both tumors and salivary glands, whereas Twist1 mRNA was detected only in salivary glands and was at significantly low-to-undetectable levels in tumors. Twist1 protein was localized in the Sox9-expressing salivary gland cells. HSG cells expressed Sox9, Sox6, and Twist1, but not aggrecan or type II collagen, and thus were similar to salivary gland cells. Twist1 depletion by Twist1 siRNA led to the upregulation of aggrecan and type II collagen mRNA expression in HSG cells. In contrast, forced expression of Twist1, using Twist1 cDNA, resulted in the downregulation of both these genes. Taken together, these results indicate that salivary gland cells have a potential for chondrogenesis, and Twist1 depletion concomitant with neoplastic transformation, which would permit tumor epithelial cells to produce cartilage-like mesenchymal tissues in salivary gland pleomorphic adenoma. (2016) 96, 16-24; doi:10.1038/labinvest.2015 published online 26 October 2015 Pleomorphic adenoma is the most common tumor of the salivary gland. It is characterized by mixed appearance of epithelial and mesenchymal components. 1,2 A number of ultrastructural and immunohistochemical studies have shown that the mesenchymal component (typically composed of myxoid and chondroid tissues) is epithelial in origin (e.g., Dardick et al. 3,4 and Erlandson et al. 5 ). Immunohistochemical and in situ hybridization studies have shown the production of aggrecan and type II collagen, extracellular matrix (ECM) substances specific to cartilage, in the myxoid and chondroid tissues. [6] [7] [8] [9] As aggrecan is also produced in the epithelial component, 6,9 epithelial cells of pleomorphic adenoma could conceivably become chondrogenic and produce mesenchymal tissues similar to cartilage.
Pleomorphic adenoma is the most common tumor of the salivary gland. It is characterized by mixed appearance of epithelial and mesenchymal components. 1,2 A number of ultrastructural and immunohistochemical studies have shown that the mesenchymal component (typically composed of myxoid and chondroid tissues) is epithelial in origin (e.g., Dardick et al. 3, 4 and Erlandson et al. 5 ). Immunohistochemical and in situ hybridization studies have shown the production of aggrecan and type II collagen, extracellular matrix (ECM) substances specific to cartilage, in the myxoid and chondroid tissues. [6] [7] [8] [9] As aggrecan is also produced in the epithelial component, 6, 9 epithelial cells of pleomorphic adenoma could conceivably become chondrogenic and produce mesenchymal tissues similar to cartilage.
When forced to express SRY-related HMG-box (Sox) genes -that is, SOX9, SOX6, and SOX5-nonchondrogenic cells, including epithelial cells, become chondrogenic and produce type II collagen, aggrecan, and other cartilage markers. 10 Sox genes encode transcription factors, which control the synthesis of mRNA from specific genes. Sox9, Sox6, and Sox5, the products of SOX9, SOX6, and SOX5, respectively, are essential for chondrogenesis. SOX9, which, when mutated, was initially identified as the causative gene of campomelic dysplasia, a severe form of chondrodysplasia in humans, is required for the commitment and differentiation of pluripotent mesenchymal cells toward chondrogenic lineages. 11 Sox9 is expressed in chondrogenic mesenchymal cells, prechondrocytes, and chondrocytes, with the exception of hypertrophic chondrocytes. In chimeric mice, Sox9-deficient (Sox9 − / − ) cells were excluded from all cartilages, but were present as a juxtaposed mesenchyme that did not express type II collagen, aggrecan, and other chondrocyte marker genes. 12 Conditional inactivation of Sox9 in limb buds before mesenchymal condensation (before commitment) led to complete absence of chondrocytes, whereas conditional inactivation of Sox9 after mesenchymal condensation resulted in severe generalized chondrodysplasia. 13 Sox9 in itself is not sufficient for cartilage formation. It requires Sox5 or Sox6 to drive overt chondrogenesis. 11 Sox5 and Sox6 are very similar in structure and functionally redundant in chondrogenesis. 14 They are expressed with Sox9 in prechondrocytes and enhance transcriptional activity of Sox9. Sox5
− / − and Sox6 − / − individual mutant mice are born with mild skeletal abnormalities, whereas Sox5 − / − /Sox6
double mutants die in utero with rudimentary and poorly developed cartilage anlagen that express ECM genes, including type II collagen and aggrecan, at low-to-undetectable levels. 15 In vitro, Sox5 and Sox6 secure the binding of Sox9 to chondrocyte-specific enhancer elements in type II collagen, aggrecan, and other chondrocyte genes. 16 Chondrogenesis is positively regulated by Sox proteins, but negatively regulated by other transcription factors, which inhibit the expression of ECM proteins in chondrogenic cells. Thus, gene expression in chondrogenic cells depends on a balance of positive and negative regulators. 17 Negative regulators include δEF1, AP-2α, Snail, Slug, Twist1, and C/EBPβ. [18] [19] [20] [21] [22] Snail, Slug, and C/EBPβ are expressed by hypertrophic chondrocytes, which indicates that they control terminal chondrocyte differentiation and promote endochondral ossification; 11, 19, 22 δEF1, AP-2α, and Twist1 are expressed by chondroprogenitors, which indicates that they control early-phase chondrogenesis. 18, 20, 21, 23 The aim of our study was to clarify the mechanisms behind chondrogenesis in pleomorphic adenoma epithelial cells. Recently, mouse salivary gland cells, the cells of origin of pleomorphic adenoma, were found to express Sox9. 24 However, expression of Sox proteins in human salivary gland and pleomorphic adenoma is unknown as far as we know. In the present study, we investigated the expression of positive and negative transcriptional regulators of chondrogenesis in pleomorphic adenoma and salivary gland tissues, and cell lines. Comparison of normal and tumor tissues revealed that in pleomorphic adenoma, Sox9 and Sox6 expression was sustained, but Twist1 expression was markedly reduced. Further in vitro gain-and loss-of-function experiments demonstrated that knockdown of Twist1 in human submandibular gland (HSG) cells increased expression of chondrogenic marker genes aggrecan and type II collagen, whereas the opposite effect was observed when Twist1 was overexpressed. Our data suggest that the loss of Twist1 expression has an important role in the formation of cartilage-like tissue in salivary gland pleomorphic adenoma.
MATERIALS AND METHODS Tissues and Cells
Ethical approval for the use of human materials was obtained from the Ethics Committee of Osaka University Dental Hospital and Graduate School of Dentistry. Formalin-fixed, paraffin-embedded tissue blocks of 15 pleomorphic adenomas and 8 normal salivary glands were selected from the pathology files of Osaka University Dental Hospital, from patients treated during 2011-2013. Pleomorphic adenomas occurred in six major and nine minor salivary glands. The salivary glands were four major and four minor glands. Fresh tissue samples were obtained from four tumors (two in major glands and two in minor glands) and three salivary glands (one major gland and two minor glands), frozen in liquid nitrogen, and stored at − 80°C until use.
HSG cells (HSGc in Shirasuna et al. 25 ), a human submandibular gland cell line, were a kind gift from Prof. Mitsunobu Sato. 26 They were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin G (100 U/ml), and streptomycin (100 μg/ml) at 37°C in a humidified 5% CO 2 incubator. Cells between passages 3 and 10 were used in this study.
RNA Isolation and Reverse Transcriptase-Polymerase Chain Reaction
Total RNA was extracted from fresh tissues and HSG cells with Trizol (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was then made using ReverTra Ace qPCR Master Mix with gDNA Remover (Toyobo, Osaka, Japan). PCR was performed with HotStarTaq DNA Polymerase (Qiagen, Hilden, Germany). Reactions were performed using a DNA Engine PTC-200 (Bio-Rad, Hercules, CA, USA) as follows: 95°C for 15 min, followed by 35 cycles (40 cycles for type II collagen) of denaturation at 94°C for 30 s, annealing for 1 min, and extension at 72°C for 1 min. PCR products were separated by 1% agarose gel electrophoresis. Primer sequences and annealing temperatures are listed in Table 1 .
Quantitative Real-Time RT-PCR Real-time PCR was performed with Kapa SYBR Fast qPCR Kit (Kapa Biosystems, Boston, MA, USA). Reactions were performed at 95°C for 2 min and then at 95°C for 3 s and 60°C for 23 s for 40 cycles using a Mini Opticon Real-Time PCR system (Bio-Rad). Relative gene expression quantification was determined by the comparative ΔC t method and relative expression was normalized to ribosomal protein L13a (RPL13A). Primer sequences are in Table 1 .
Immunostaining Sections (5-6 μm thick) were made from paraffin-embedded tissue blocks, mounted on silane-coated glass slides, and used for immunoperoxidase and immunofluorescence staining.
HSG cells grown on chamber slides (Nunc, Rochester, NY, USA) were fixed in cold methanol and used for immunofluorescence staining. To unmask all antigens except type II collagen, the tissue sections were placed in a 0.01 M citrate buffer (pH 6.0) and heated to 125°C for 5 min. For type II collagen, the sections were treated with 2% bovine testicular hyaluronidase (Sigma, St Louis, MO, USA) at 37°C for 60 min.
For immunoperoxidase staining, tissue sections were treated with 0.3% H 2 O 2 to block endogenous peroxidase, and then with normal goat serum (1:10) to block nonspecific binding of antibodies. Thereafter, they were incubated with primary antibodies overnight at 4°C, and then with secondary antibodies for 30 min. Primary antibodies were rabbit antibodies to Sox6 (1:200; Sigma), Sox5 (1:100; Abcam, Cambridge, UK), and aggrecan (1:100; LifeSpan, Seattle, WA, USA); mouse antibodies to Sox9 (1:1000; Abnova, Taipei, Taiwan), Twist1 (1:1000; Abcam), and type II collagen (1:500; Daiichi Fine Chemical, Toyama, Japan). Secondary antibodies were horseradish peroxidase-conjugated polymers (EnVision+ Mouse/HRP and EnVision+ Rabbit/HRP; Dako, Carpinteria, CA, USA). Immunoreaction sites were visualized by treatment with 3,3′-diaminobenzidine tetrahydrochloride-H 2 O 2 solution. Finally, sections were counterstained with (g and h) . Sox, SRY-related HMG-box.
Chondrogenesis in pleomorphic adenoma Y Matsumoto et al hematoxylin, coverslipped with Permount, and examined with a Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan). For immunofluorescence staining, tissue sections and cells were treated with normal donkey serum (1:10). They were then incubated with primary and secondary antibodies as described above. Primary antibodies were as follows: rabbit antibodies to Sox9 (1:200; Sigma) and Sox6 (1:200; Sigma); mouse antibodies to Sox9 (1:1000; Abnova) and Twist1 (1:1000, Abcam). Secondary antibodies, which were purchased from Jackson (West Grove, PA, USA), were FITC-conjugated donkey anti-mouse IgG (1:200), FITC-conjugated donkey anti-rabbit IgG (1:200), Cy3-conjugated donkey anti-mouse IgG (1:400), and Cy3-conjugated donkey anti-rabbit IgG (1:400). After incubation with antibodies, the sections and the cells were coverslipped with Vectashield with DAPI (Vector Laboratories, Burlingame, CA, USA) and examined with a Zeiss Axioplan fluorescence microscope (Carl Zeiss, Göttingen, Germany).
Transfection with Twist1 siRNA HSG cells (at 450% confluence) were transfected with 50 nM Twist1 siRNA (Mission siRNA SASI_Hs01_00048450; Sigma) or control siRNA (SIC-001; Sigma) using Mission siRNA transfection reagent (Sigma) according to the manufacturer's instructions. After 48 h, RNA was extracted from the cells.
Transfection with Twist1 cDNA HSG cells (at~75% confluence) were transfected with pCMV6-Twist1 (RC202920; OriGene, Rockville, MD, USA) or pCMV6-Entry control (PS100001; OriGene) using ViaFect transfection reagent (Promega, Madison, WI, USA) according to the manufacturer's instructions. Forty-eight hours after transfection, cells were selected by growing in the medium containing 2.5 mg/ml G418 (Roche Diagnostics, Indianapolis, IN, USA). The G418-resistant cell colonies were pooled, and then a mixed population of drug-resistant transfectants were grown for subsequent analysis. 
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Statistical Analysis
Statistical analysis was performed using the Student's t-test. Differences were considered significant when Po0.05.
RESULTS
mRNA Expression of Sox9, Sox6, Sox5, Aggrecan, and Type II Collagen RNA was extracted from fresh tissues, and the expression of transcription factors positively regulating chondrogenesis was examined by reverse transcriptase-polymerase chain reaction (RT-PCR) (Figure 1) . Sox9, Sox6, and Sox5 mRNAs were detected in all four tumor tissues, Sox9 and Sox6 mRNAs were detected in all three salivary gland tissues, and Sox5 mRNA was detected in two gland tissues. Of the ECM substances specific to cartilage, aggrecan mRNA was detected in all tumor tissues and type II collagen mRNA was in three tumor tissues. Aggrecan and type II collagen mRNAs were not detected in any of the gland tissues.
Immunohistochemical Expression of Sox9, Sox6, Aggrecan, and Type II Collagen Immunohistochemistry was performed on formalin-fixed paraffin-embedded tissue sections to localize the proteins of Sox9, Sox6, aggrecan, and type II collagen (Figure 2) . Hematoxylin-and-eosin stained sections showed that all pleomorphic adenomas contained both epithelial and mesenchymal components. The mesenchymal component was composed of myxoid or myxochondroid tissues. Sox9 was localized in almost all the tumor cells of both the epithelial and mesenchymal components (Figure 2a) . Sox6 was localized in many tumor cells of both the epithelial and mesenchymal components (Figure 2b ). Sox6 was colocalized with Sox9 in these cells (Figure 2g ). As with Sox9 and Sox6, aggrecan was seen in both the epithelial and mesenchymal components (Figure 2c ). Type II collagen was almost always seen in the mesenchymal component and occasionally in the epithelial component (Figure 2d) . In salivary glands, Sox9 was localized in almost all the acinar and duct cells (Figure 2e ). Sox6 was also localized in many acinar and duct cells (Figure 2f) . It was colocalized with Sox9 in these cells (Figure 2h ). Sox5 antibody did not detect Sox5 protein either in tumor or normal tissues (data not shown).
Expression of Transcription Factors that Negatively Regulate Chondrogenesis
Expression of transcription repressors of chondrogenesis was examined in salivary glands and pleomorphic adenomas. RT-PCR detected δEF1 and AP-2α mRNAs in salivary glands and pleomorphic adenomas. Interestingly, Twist1 mRNA was found in salivary glands, but was not detected in three of the four pleomorphic adenomas (PA2, PA3, and PA4 in Figure 3a ). In the remaining tumor (PA1), quantitative realtime RT-PCR (qRT-PCR) showed the mRNA level of Twist1 was significantly lower (Po0.01) compared with those in salivary glands (Figure 3b) . Immunohistochemistry of salivary glands showed that Twist1 protein was localized in many acinar and duct cells (Figure 3c ). Double-labeling immunohistochemistry showed that Twist1 was colocalized with Sox9 in the nuclei of these cells (Figure 3d ).
Effect of Twist1 on Chondrogenic Marker Genes Expression in HSG Cells
The above observations prompted us to investigate whether Twist1 might be involved in cartilage-like tissue formation in pleomorphic adenoma of the salivary gland. Because of technical limitations of in vitro experiments using primary salivary gland cells, we have used a human submandibular gland cell line, HSG, which are epithelial-type cells with cuboidal or somewhat elongated morphology (Figure 4b , see Shirasuna et al. 25 ). Similar to the salivary gland cells described above, HSG cells expressed the mRNAs and proteins of Sox9, Sox6, and Twist1 (Figures 4a and b) , but not those of aggrecan or type II collagen (data not shown). When HSG cells were transfected with Twist1 siRNA, Twist1 mRNA level was reduced to 14%. The mRNA levels of both aggrecan and type II collagen were significantly increased, to more than six times higher in cells transfected with Twist1 siRNA compared with that in the cells transfected with control siRNA (Figure 5a ). In contrast, Twist1 overexpression increased Twist1 mRNA level by more than 12 times. It significantly reduced mRNA levels of both aggrecan and type II collagen, to 1% and 56%, respectively, of levels seen in cells transfected with control plasmid (Figure 5b) . No apparent morphological changes were observed in HSG cells after transfection with either Twist1 siRNA or Twist1 cDNA (data not shown).
DISCUSSION
This study provides indirect but conclusive evidence that epithelial cells differentiate to chondrocytes during tumorigenesis of salivary gland pleomorphic adenoma. Epithelial cells expressed Sox9 and Sox6, and produced aggrecan and type II collagen, which are ECM substances specific to cartilage. Sox9, Sox6, and Sox5 constitute a transcription factor trio essential for chondrocyte differentiation. Sox9 Chondrogenesis in pleomorphic adenoma Y Matsumoto et al acts together with Sox6 or Sox5 as the master regulator for chondrocyte differentiation. 11 This trio of transcription factors can induce chondrocyte differentiation in both chondrogenic mesenchymal cells and nonchondrogenic cells already committed to other lineages, including epithelial cells derived from the cervix, liver, and kidney. 10 Mouse salivary gland cells have been shown to express Sox9, 24 as do human salivary gland cells. Both duct and acinar cells expressed Sox9. These cells were similar to pleomorphic adenoma epithelial cells in that they expressed Sox6, but were dissimilar to pleomorphic adenoma epithelial cells in that they did not produce aggrecan or type II collagen; aggrecan and type II collagen genes were not transcribed in salivary glands.
RNA transcription, the most important step in control of gene expression, depends on a balance of positive and negative transcription factors. Negative transcription factors repress positive transcription factors when and where given genes should not be expressed. For cartilage-specific genes, these include δEF1, AP-2α, Snail, Slug, Twist1, and C/EBPβ. [18] [19] [20] [21] [22] Among these, δEF1, AP-2α, and Twist1 are expressed by chondrocyte progenitors and maintain their undifferentiated state. 18, 20, 21, 23 Their expression in the salivary gland was therefore compared with their expression in pleomorphic adenoma. The mRNAs of δEF1 and AP-2α were detected in both salivary glands and pleomorphic adenomas. Although the mRNA of Twist1 was detected in salivary glands, Twist1 mRNA was not detected in three of the four pleomorphic adenomas. In qRT-PCR analysis, significantly less Twist1 mRNA was seen in the remaining tumor compared with that in the salivary glands. Immunohistochemistry showed that Twist1 and Sox9 proteins were localized in the same salivary gland cells. These results suggest that Twist1 expression could repress transactivation potential of Sox proteins in salivary gland cells and that Twist1 depletion, which occurs during the neoplastic transformation of salivary gland cells, permits Sox proteins to transcribe the genes of aggrecan and type II collagen.
Twist1, a member of the basic helix-loop-helix family of transcription factors, is essential for the development and specification of tissues with a mesodermal origin. Twist1 has been highlighted for its function in epithelial-to-mesenchymal transition and metastasis. 27 In cartilage, Twist1 has been identified as a downstream mediator of canonical Wnt signaling, which represses chondrocyte differentiation. 21 In mouse chondrocyte precursors, ectopic expression of Twist1 repressed, whereas Twist1 depletion enhanced the expression of chondrocyte marker genes, including type II collagen and aggrecan. 21 Twist1 regulates target gene expression directly or indirectly. In chondrocyte differentiation, Twist1 acts indirectly; it binds to Sox9 and inhibits Sox9's transactivation potential. 23 Twist1 also binds to MyoD and Runx2, master transcription regulators of myogenesis and osteogenesis, respectively, and inhibits differentiation of mesenchymal progenitor cells toward either of these lineages. 27 We hypothesized that Twist1 prevents salivary gland cells from differentiating into chondrocytes. To test this, in vitro gain-and loss-of-function experiments for Twist1 were performed in HSG cells, and expression of aggrecan and type II collagen in these cells was examined. HSG cells are immortalized cells derived from the human submandibular gland. 26 Although neoplastic when inoculated into immunodeficient mice, they retain many characteristics of salivary duct cells from which pleomorphic adenoma arises. 26 Our study showed that they also retain characteristics of salivary duct cells, as described above: they expressed Sox9, Sox6, and Twist1, but not aggrecan or type II collagen. Knockdown of Twist1 by siRNA resulted in the upregulation of both aggrecan and type II collagen gene expression. In contrast, Twist1 overexpression resulted in the downregulation of these two genes. These results support our hypothesis.
In conclusion, this study indicates that salivary gland cells have potential for chondrogenesis, as evidenced by expression of the Sox proteins. Our model predicts that Twist1 expression prevents salivary gland cells from fulfilling the chondrogenic potential, and Twist1 depletion concomitant with neoplastic transformation permits them to differentiate toward chondrocytes and produce cartilage-like mesenchymal tissues in pleomorphic adenoma.
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